Results of numerical calculations are given for (i) the fall in surface temperature during a lunar eclipse, (ii) the variation in surface temperature at the equator during a lunation, and (iii) the variation in microwave temperature at the equator during a lunation. These calculations are made on the assumption that heat is lost from the surface by radiation according to the fourth power law. Two models are considered, firstly, that in which the surface material of the Moon is homogeneous, and secondly, that in which it consists of a thin skin of poor conductor on a better conducting sub· stratum.
I. INTRODUCTION
Observations of the surface temperature of the Moon have been available for many years and attempts have been made to deduce information about the nature of the surface from them. The theoretical background necessary for such attempts is the theory of conduction of heat in the semi-infinite solid with prescribed supply of heat at its surface from the Sun, and with loss of heat from its surface by radiation according to the fourth power law. The accurate fourth power law must be used because of the large range of temperatures involved, and, since this makes the problem non-linear, calculations are difficult and must be carried out numerically. The object of this paper is to give numerical information about the solution of this problem for a fairly wide variety of cases, and also some discussion of the experimental results.
In considering the radiation from the Moon as a whole, each element of its surface may be regarded as a semi-infinite solid with its own thermal properties and angle of incidence of the Sun's rays. To get a strict comparison between theory and experiment it would be necessary to integrate the emission from these over the relevant portion of the disk, but as a first approximation all that can be done is to assume that the restricted portion of the disk observed in the optical experiments will behave as a sort of average semi-infinite solid, and to determine the properties of this material.
With regard to the nature of the surface material, three possibilities are to be recognized. Writing K, p, c, and x=K/pc for the thermal conductivity, density, specific heat, and diffusivity of the material, and using c.g.s. units, calorie, and oK., these are: (i) normal igneous rock for which (Kpc)-i has a value of about 20, (ii) a granular or cellular substance such as pumice or lava gravel for which (Kpc)-! is of the order of 100, or (iii) fine dust for which Wesselink (1948) has shown that, under the conditions of low atmospheric pressure existing on the Moon, (Kpc)-! will be of the order of 1000. It has also been suggested by various authors that the surface layers may not be homogeneous in depth, for example, that a thin layer of dust might lie on the surface of a better conductor such as gravel or solid rock. It will be assumed throughout that the thermal properties of the material are independent of temperature; in view of our ignorance of the nature of the material it seems hardly worth while introducing the additional complication of variation with temperature: this matter is referred to again in Section II.
Three types of experimental information are available, (i) infra-red observations of the fall in temperature during a lunar eclipse, (ii) infra-red observations of the variations in surface temperature during a lunation, and (iii) observations of the variation in radio-microwave temperature during a lunation. Any proposal about the nature of the surface must be consistent with all three. Pettit and Nicholson (1930 ) in 1927 and Pettit (1940 in 1939 made observations of the fall in temperature of the surface during a lunar eclipse. Epstein (1929) attempted to calculate the thermal properties of the surface from the results for the 1927 eclipse and obtained a value of 120 for (Kpc)-! from which he concluded that the lunar surface is covered with some substance such as pumice. He used a linear theory (in effect assuming that the surface loses heat at a rate proportional to the fourth power of its initial temperature instead of to the fourth power of its actual temperature), and it was pointed out by both Wesselink (1948) and Jaeger and Harper (1950) that, when the accurate fourth power law of radiation is used, a much higher value is obtained: ,both these authors give single curves calculated for values of (Kpc)-! of the order of 1000 and compare them with the experimental results. A family of such curves for various values of (Kpc)-! is given in Figure 1 which makes the comparison with experiment clearer.
II. ECLIPSE OBSERVATIONS
The problem in conduction of heat proposed by the eclipse experiments may be stated as follows. The homogeneous semi-infinite solid x >0 is initially at constant* temperature .vo (OK.) and in equilibrium with the solar radiation Ecrv 0 4 absorbed by it, where E is its emissivity and cr is the Stefan-Boltzma.nn constant. During the penumbral stage of the eclipse, the radiation absorbed from the Sun may be written Ecrv 0 4 f(t), where f(t) can be calculated from the circumstances of the eclipse and vanishes at the beginning of the umbral phase. During both umbra and penumbra the surface loses heat at the rate Ecrv s 4 , * The initial temperature is in fact that due to the monthly periodic variation of surface temperature; if this is used instead of the constant value the change is very small.
where Vs is its temperature. Then if to is the duration of penumbra, and v is the temperature in the solid, the equations to be solved are :
(1)
with the boundary condition at x=O x>O, t=O,
. ux
Because of the occurrence of the fourth power in (3) and (4) the problem is non-linear and a simple explicit solution for v cannot be obtained. Wesselink (1948) and Jaeger' and Harper (1950) have made numerical calculations using Schmidt's method which is very well adapted to problems of this type (cf. Jaeger 1950).
In Figure 1 a family of curves showing the ratio of the surface temperature Vs to the initial temperature Vo as a function of t/to is given: the curves are specified by the single parameter p_ crEvolltoi (5) - (10Kpc) For f(t) a smooth curve drawn through some figures given by Pettit and Nicholson (1930) has been used; this is the curve marked" Insolation" in Figure 1 ; the temperature is not very sensitive to the form of f(t) and in fact a linear fall f(t)=(to-t)/t o gives curves very little different from those of Figure 1 .
The results of Pettit's 1939 eclipse observations are shown by the crosses in Figure 1 and reasonable agreement is obtained if P lies between 1· 5 and 2, that is (Kpc)-i between 1370 and 1030. The valuesP=0·2 and 0 ·03 correspond to pumice and bare rock respectively, and it appears that the possibility of any large proportion of the surface being covered with these is quite ruled out. As remarked above, Wesselink (1948) has shown that values of (Kpc)-i of the order of 1000 are likely for dust Under lunar conditions, so it seems probable that the surface, or a very considerable fraction of it, is composed of dust. The most notable discrepancy between the calculated curves of Figure 1 and the experimental values is that the latter fall more slowly in the umbral phase. Both Jaeger and Harper (1950) and Lettau (1951) remark that this may be due t() an increase of thermal conductivity, either with depth or with temperature.
Variation of conductivity with temperature is an attractive explanation but a difficult one to discuss. Some calculations have been made with conductivity varying as the cube of the absolute temperature but these yield curves which still fall too rapidly in umbra.
The other explanation, an increase in conductivity with depth, which could easily be provided by a layer of dust on a substratum of rock or pumice, can easily be made to give an adequately slow fall of temperature during umbra.
where .A is the amplitude of the insolation. In all the calculations below we shall take E=l; this is justifiable since the emissivity of the lunar surface is known to be high, and reducing the value of E to O· 9 is found to make a change of at most one or two degrees in temperature. The value 0 ·0258 cal. cm. -2 sec.-1 will Qe used for.A ; this quantity again is not well known and varies with position in the orbit, but a 10 per cent. change in .A gives a change of only one or two degrees in temperature at lunar midnight. Figure 2 shows the surface temperature of homogeneous semi-infinite solids with the boundary conditions (6) and (7) and with the values 1000, 500, 250, 125, and 20 of (Kpc)-i. Taking 120 OK. as the temperature at lunar midnight, and having regard to the large uncertainty in this value, it appears that values of (Kpc)-! between 200 and 1000 are possible and in particular, as remarked by Wesselink, that dust with (Kpc)-i of the order of 1000 will satisfy both the eclipse observations and the present ones reasonably well.
N ext, in view of the suggestion from the eclipse and microwave observations that a two layer model consisting of a thin skin of poor conductor on a betterconducting substratum may fit the results better, it is desirable to make calculations of the surface temperature with this model. . Since the skin is thin its B 16 J. e. JAEGER thermal capacity may be neglected* for these long period processes, and the model becomes that of a skin of thermal resistance R on a substratum with thermal properties K, p, c. The situation may be described in terms of two parameters, ( Since the results are most interesting if the substratum is a much better conductor than the skin (which we shall assume in the calculations to be dust), only the values 20 and 125 for (Kpc)-i will be considered. Also, since Piddingtop. and Minnett (1949) have deduced the value D=V21t from their microwave observations, the results have been calculated for this value and simple fractions of it. The results are shown in Figures 3 and 4 for (Kpc)-1=125 and 20, respectively. The curves for D= 00 are those of Figure 2 for the homogeneous solid with no surface skin. It appears that the effect of decreasing D is to lower the night-time curves and to flatten them, an effect similar to that remarked in the eclipse calculation. It would be most interesting to have complete experimental curves during the lunar night for comparison.
It 
It appears that in all cases skins of thickness less than 1 cm. are involved.
It may be concluded that, as for the eclipse observations, the results are reasonably well fitted either by a homogeneous solid for which (Kpc)-1=1000 or by a layer of such a solid some millimetres thick on a better-conducting substratum.
* It should perhaps be remarked that the thermal capacity of the skin is not neglected in the eclipse calculations; in fact much of the heat extracted in the penumbral phase comes from the skin.
IV. RADIO-MICRowAvE OBSERVATIONS Rock material is partially transparent to radio microwaves whose wavelengths are of the order of 1 cm. Thus the radiation observed from a solid on these wavelengths is not determined merely by the surface temperature but is the total effect of emission from a region near the surface. If v is the temperature at depth x below the surface of the semi-infinite solid, we shall call ductivity. If the surface is seen from a direction included at 6 to the normal~ IX is to be replaced by IX sec 6. The whole question is discussed in detail by Piddington and Minnett(1949) . Formulae for the.{lalculation of microwave temperatures .are given by Jaeger (1953) (6) and (7), that is, for the Moon at its equator, are shown in Figures 5 and 6 respectively. It appears that decreasing 0 reduces the amplitude of the oscillation and increases the phase lag of the maximum. 0=00 gives the surface temperature as in Figure 2 .
Microwave temperatures may also be calculated for the case of a.
homogeneous solid covered with a thin skin of poor conductor of negligible heat capacity and from which the microwave emission may be neglected. In this case three parameters are involved, viz. impossible to give complete results, but the values of the maximum, mean, and minimum temperatures for a number of cases are shown in which is of special interest in connection with the work of Piddington and Minnett, are given in Figure 7 . The comparison of the experimental microwave results with theory is extremely difficult. It is possible only to observe the whole disk, and not a relatively small area of it as in the optical case: further, the sensitivity of the equipment varies with position in the aerial beam. Thus the observed result is an average over all latitudes and longitudes, allowing for the angle of emergence of· the radiation and position in the aerial beam. Piddington and Minnett Their discussion has' been criticized by Bracewell (personal communication) who has shown by a more refined analysis of the experimental results (involving both phase and amplitude) that, while a best fit is obtained with values near to (11), a wide range of variation in these parameters is consistent with the experimental results and in particular that the homogeneous solid is not altogether ruled out.
Comparing (13) with the results of Table 2 and Figure 7 , it appears that it is difficult to fit both the optical and microwave results with any model. The discrepancy is essentially between the rather high mean temperature demanded by the microwave results and the rather low temperature during the lunar night which the models of Section III were designed to fit. If either of these is relaxed somewhat, reasonable agreement can be obtained with either a homogeneous solid with (Kpc)-! in the range 500 to 1000 or with a thin layer of such a solid on a substratum with (Kpc)-! of the order of 100; the third possibility, that of a thin layer on a substratum of rock with (Kpc)-! of the order of 20, seems less likely because it leads to low values of the amplitude of the oscillation of the microwave temperature. 
